Optical imaging in which photons are the information source, seems to be a very relevant technique, less expensive and less harmful than more conventional diagnostic methods and suitable, for instance, for sensitive diagnosis capable of detecting cancer at an early stage. We have recently developed inorganic persistent luminescent nanoparticles (PLNPs) as nanoprobes useful for in vivo imaging that can master the difficulties due to the biological environment such as tissue autofluorescence, absorption or photobleaching since they are excited before. In this work, we focus on silicate materials, CaMgSi2O6, that emit in the red-near infrared range for several hours. In the aim of improving their luminescent properties and the nanoparticles size, we explore a new way of synthesis allowing a suitable yield of particles and we study the influence of the chemical composition and of the crystalline structure on the luminescence intensity. Adjusting Ca/Mg/Si molar ratio and crystallization temperature, very fine nanoparticles of PLNPs have been obtained with an improvement of luminescence and high production yield necessary to promote the emergence of these nanoprobes in the field of optical imaging.
Introduction
At the nanoscale, luminescent solids are suitable for in vivo imaging that implies some problems due to the biological environment, such as the tissues autofluorescence and absorption [1] [2] . Therefore we need to develop luminescent probes that emit in the red-near infrared range: in the biological tissues wavelength therapeutic window (600-1350 nm).
Indeed, biological tissues absorb a great range of UV and visible light and only a red-near infrared emission can go through the tissues [2] [3] . Three main groups of luminescent inorganic nanomaterials are currently reported. Two of them are related to (i) semiconductor nanocrystals with direct or indirect gap or metal nanocrystals [4] [5] , and (ii) metal clusters [6] [7] [8] for which optical properties originate from quantum confinement effect and electronic transitions between occupied d bands and states above the Fermi level. In this paper, we focus on a third group of compounds for which the luminescence originates from the presence of luminescent centers (dopants) in the solid structure [9] [10] [11] [12] . In this case, the luminescence closely depends on matrix or ligand-dopant association and can be adjusted to specific applications (telecommunications, biosciences, solar energy conversion) [13] . Such materials are usually prepared using conventional solid state chemistry [14] [15] [16] [17] . More recently, promising novel luminescent nanoparticles based on lanthanide or transition metal dopedoxide composition have been synthesized combining sol-gel and hydrothermal syntheses, opening new field of research in the domain of the in vivo optical imaging systems and new imaging tools [18] [19] [20] . These materials are more difficult to investigate as one first required to obtain such matrices at the nanometric scale with acceptable intensity of fluorescence [21] [22] [23] .
A first generation of inorganic luminescent nanoparticles (PLNPs), Ca0.2Zn0.9Mg0.9Si2O6 doped Eu2+, Mn2+, Dy3+, was developed by Le Masne de Chermont et al. [24] . These new long lasting luminescent nanoparticles were excitable with UV light and emitted during several minutes in the red-near infrared range, therefore avoiding the tissues absorption during the light detection. Indeed PLNPs were excited before the injection in the animal that allows to prevent the tissues autofluorescence and to improve the signal-to-noise ratio. The development of these probes is initially based on the red persistent luminescence of MgSiO3 bulk compound, described by Wang et al. [25] in which the emission corresponds to the Mn2+ radiative 4T1-6A1 transition. More recently a second generation with optimized rare earth cation (RE= Ce, Nd, Dy, Pr, Ho, and Er were evaluated) [26] and a mechanism has been proposed to explain the persistent luminescence of these PLNPs where RE3+ and oxygen vacancies appears as electron traps, and Mn2+ is the recombination luminescent center (with emission in the red range at 680 nm) [27] . This allowed the validation of a simpler chemical composition for diopside structure [26, 28] . In these silicate-based families, there are still open questions on the influence of the chemical composition and of the crystalline structure on the persistent luminescence intensity.
In order to obtain nanoprobes, a "soft chemistry" synthesis (sol-gel method and acid catalysis) using molecular precursors in a silica matrix was used [24] . It consists in growing luminescent nanocrystals inside a silica matrix which plays the role of a silica reservoir to obtain a doped silicate and limits the crystal growth during thermal treatment at high temperature, mandatory to crystallize a pyroxene phase. However by this technique probe sizes were still too high for an in vivo imaging application. Furthermore the marked aggregation of particles and their low luminescence intensity represent another important disadvantage for their in vivo application.
In the present work, persistent luminescence nanoparticles were synthesized using a sol-gel method inspired by Stöber process. This method enables to obtain silica nanoparticles instead of a silica matrix and thus to have a better control of the crystal growth using these nanoreactors. Core-shell type nanoparticles with a crystalline silicate core and an amorphous silica shell are obtained. Such process implies an efficient step of leaching of particles surface to dissolve the residual silica layer. In the aim of improving the persistent luminescence and studying the chemical composition influence on the persistent luminescence properties, we modified Ca/Mg/Si molar ratio. In addition, to compare our different results, the native Ca0.2Zn0.9Mg0.9Si2O6 doped Eu2+, Mn2+, Dy3+ host is used as reference and RE=Dy is kept for sake of comparison [24] .
Results and Discussion
Influence of chemical composition and crystallinity on persistent luminescence. XRD data presented on figure1.a show a strong evolution of crystalline structure from diopside phase for C1M1S2 composition to clinoenstatite phase corresponding to Mg2Si2O6 composition with the decrease of Ca/Mg molar ratio. The normalized persistent luminescence spectra at room temperature recorded after switching off the UV excitation (120 sec at 365 nm) exhibit three emission bands for all compounds: at 468, 600 and 670 nm (figure 1.b). The band at 468 nm is attributed to the allowed 4f65d1→4f7 transition of Eu2+, whereas the bands at 600 and 670 nm correspond to the transition of Mn2+ in Ca2+ and Mg2+ sites respectively. No characteristic Dy3+ emission has been observed. At low temperatures (>300K) as reported elsewhere Eu2+ emission can also be observed but the persistent luminescence occurs from the Mn2+ center which is at room temperature the recombination center.
With the increase of Ca/Mg molar ratio, considering a calibrated measurement with the same amount of compound, luminescence intensity of the three bands decreases and the relative intensities of the two bands at 600 nm and at 670 nm are inversed for lower calcium content.
Variation in Ca/Mg molar ratio has therefore an influence both on crystalline structure of particles and on Mn2+ distribution in the two cationic sites. Consequently, the persistent luminescence intensity is enhanced when promoting the emission band at 670 nm observed for the lowest calcium content. Concerning the influence of crystalline structure, such silicate compounds belong to the pyroxenes group for which the general formula is M2M1(SiO3)2, with the small cation M1 surrounded by 6 oxygen atoms and the larger M2 surrounded by 8 oxygen atoms. Small ions, like Mg2+, Fe2+ or Zn2+ always occupy M1 sites while larger ions like Ca2+ or Na+, and rare earth necessarily occupy M2 cationic sites [29, 30] .
CaMgSi2O6 composition follows the general structure of the diopside with a monoclinic symmetry. When small ions are the only ions in the matrix, they also occupy M2 site and form an orthopyroxene phase (enstatite Mg2Si2O6) exhibiting an orthorhombic symmetry. In figure 1 .a, the phase modification from diopside to enstatite is clearly detected from a calcium substoichiometry greater than 20 percent. Below this calcium content, clinoenstatite remains the main crystalline phase. In previous study enstatite has been reported to be more efficient than diopside structure for optimized luminescent properties in the case of dysprosium doping [26] . Indeed, dysprosium in enstatite acts as a better electron trap according to the conduction band position between diopside and enstatite structures compared to depth of electron trap related to dysprosium. The crystallization of low calcium silicate composition into enstatite structure then leads to an improved LLP according to figure1.b.
In such crystalline structures, as the ionic radius of Mn2+ (in six-fold coordination) is 0.83 Å whereas the radii of Mg2+ and Ca2+ are 0.72 Å and 1.00 Å respectively [31] , Ca2+ ions can occupy only the M2 sites while Mg2+ and Mn2+ cations are distributed in both sites, M1 and M2, as demonstrated by optical spectroscopy [32] . Therefore, the decrease in the amount of calcium contributes to vary the host cationic sites for Mn2+ in the crystalline structure. The The substitution of Mg2+ ions by Mn2+ ions inside M1 sites is statically favorable when Mg2+ ions are also distributed into M2 sites. As Mn2+ in Mg2+ site is the luminescent recombination center in the persistent luminescence mechanism; regarding CaMgSi2O6 type of compounds [33] , an enhancement of the red afterglow is obtained for Ca0.3Mg1.7Si2O6 composition. Nevertheless, Ca2+ inside the structure is required since a drastic decrease of LLP is observed for Mg2Si2O6 composition, probably related to a high band gap modification. Indeed, the shift of the bottom of the conduction band has been recently reported for Al doped ZnGaO4 phosphors [34] .
Interestingly, the LLP also increases with the doping rate without modification of Mn2+ site distribution as shown on LLP decay curves of Ca0.6Mg1.4Si2O6 sample for two different doping rate, namely Eu(0.5%), Mn(2.5%), Dy(1%) called "doped C1" and Eu1% Mn5% Dy2% called "doped C2" on figure 2.a. The loss of persistent luminescence yield versus time appears less important for higher doping rate, and this leads to a significant intensity difference after one-hour term. EPR results (figure 2.b) confirmed that Mn2+ content is two times increased from doped C1 to doped C2 samples. EPR spectra exhibit a fine structure in the central part corresponding to well-ordered Mn2+ and a weaker structure in the wings [31] characteristic of Mn2+ cations in interaction.
For the two doping rates, the shape of the spectra is similar indicating that the Mn2+ distribution in crystalline structure is the same and there is no evidence of aggregate for highest content.
The influence of initial concentration of TEOS was then investigated for low Ca/Mg ratio and for both pyroxene based stoichiometric silica content (C0.4M1.6S2) and with an excess in silica content (C0.4M1.6S4). When the initial concentration of TEOS is higher than the one required to obtain the stoichiometry, XRD diagrams show only a poorly crystallized clinoenstatite phase (figure 3.a). However, when the initial concentration of silica is just enough to obtain pyroxene phase (C0.4M1.6S2), XRD diagram shows also the presence of diopside phase. For this silicate, 30% additional calcium in the Mg2Si2O6 initial formula are sufficient to obtain the two phases: clinoenstatite and diopside as previously reported [30] . With the increase of silica content, the nucleation of clinoenstatite can be explained considering the better diffusion of Mg2+ ions inside the silica glass during the thermal crystallization compared to bigger Ca2+ ions which probably remain trapped in the silica matrix. For lower silica content, the proximity of Ca2+ and Mg2+ ions in the matrix promotes the crystallization of the diopside phase, since the ions diffusion distance for the nucleation of this phase is shorter. Persistent luminescence spectra of series B (figure 3.b) showed the same three characteristic emission bands (480 nm, 580 nm, 680 nm) than for A serie. When the initial concentration of silicon is higher than the one required to obtain the stoichiometry, persistent luminescence intensity increases due to better crystallinity of compound. This suggests that thermal treatment need to be optimized for the different concentrations.
Such study has been done for the Ca0.3Mg1.7Si3O8 doped (C2 composition). After drying at 90°C for 30h, samples were annealed from 900°C to 1400°C for 10 h under reductive atmosphere. XRD (figure 4.a) show that diopside phase is obtained for a thermal treatment at 1150°C, an annealing temperature higher than the one required for the first generation of compounds [24] . This result well agrees with a higher initial concentration of TEOS and a more limited diffusion of ions. At this temperature, the amorphous silica ratio, deduced from 29Si quantitative NMR spectra, is the lowest, agreeing with a better crystallization of the compound (table 1). Since the particle size depends on thermal treatment temperature, the NPs size was determined here by Debye-Scherrer method. An increase of the size with the increase of the temperature was previously observed [24] . This increase was not observed when the nanoparticles are synthetized by a sol-gel method inspired by Stöber process (table   1) . The particles have 50 nm in diameter whatever the thermal treatment temperature in the range of 900-1150°C. This is probably related to the presence of amorphous silica shell which prevents the sintering of nanoparticles. According to the crystallization degree, the sample annealed at 900°C is not persistent whereas the one annealed at 1150°C exhibit more intense emission and persistent luminescence (Figure 4 As can be seen on the TEM images of figure 6 , a thick layer of amorphous silica is still visible for the sample treated with NaOH 2M (see table 2 ). This decrease of the amount of silica is confirmed by EDX analysis while the Ca / Mg ratio remains the same (see table S.I.1). With 
Conclusions
CaxMgySi2O6 doped Eu2+, Mn2+, Dy3+ nanoparticles were prepared by a sol-gel method inspired by Stöber process in order to develop red-near infrared persistent luminescence nanoparticles as sensors for optical imaging. In the aim of improving the persistent luminescence and studying the chemical composition influence on the persistent luminescence properties, materials with various Ca/Mg/Si molar ratio have been prepared.
Composition that favors the enstatite structure with good distribution of Mn2+ into the two coordinated sites of this structure exhibits an enhancement of long lasting phosphorescence in red-near infrared range. Crystallinity can also be optimized adjusting temperature of heating treatment. Nanoparticles with 50 nm size were treated in NH5F2 0.5M aqueous solution after thermal treatment in order to reduce the thickness of the amorphous silica coating. measurements were performed with a Bruker Elexsys E500 spectrometer equipped with a Super-High-Q cavity and working at a microwave frequency of 9.4 GHz. The spectra were recorded at room temperature with a microwave power of 2 mW and a modulation field of 1 mT.
Silica shell dissolution has been studied using solid state 29Si Nuclear Magnetic Resonance (NMR). Spectra were recorded with a standard 7 mm double resonance probe on a 7 T Bruker Avance III spectrometer operating at 300 MHz for 1H and 59 MHz for 29Si. Spinning speed was set to 5 kHz and sample was packed into a 7 mm zirconia rotor. The used pulse sequence was a single 1.5 µs π/6 pulse with 45 kHz 1H decoupling during acquisition. A relaxation delay of 60 s was applied without decoupling. 
